Bacterial nanowires have garnered recent interest as a proposed extracellular electron transfer (EET) pathway that links the bacterial electron transport chain to solid-phase electron acceptors away from the cell. Recent studies showed that Shewanella oneidensis MR-1 produces outer membrane (OM) and periplasmic extensions that contain EET components and hinted at their possible role as bacterial nanowires. However, their fine structure and distribution of cytochrome electron carriers under native conditions remained unclear, making it difficult to evaluate the potential electron transport (ET) mechanism along OM extensions. Here, we report highresolution images of S. oneidensis OM extensions, using electron cryotomography (ECT). We developed a robust method for fluorescence light microscopy imaging of OM extension growth on electron microscopy grids and used correlative light and electron microscopy to identify and image the same structures by ECT. Our results reveal that S. oneidensis OM extensions are dynamic chains of interconnected outer membrane vesicles (OMVs) with variable dimensions, curvature, and extent of tubulation. Junction densities that potentially stabilize OMV chains are seen between neighboring vesicles in cryotomograms. By comparing wild type and a cytochrome gene deletion mutant, our ECT results provide the likely positions and packing of periplasmic and outer membrane proteins consistent with cytochromes. Based on the observed cytochrome packing density, we propose a plausible ET path along the OM extensions involving a combination of direct hopping and cytochrome diffusion. A mean-field calculation, informed by the observed ECT cytochrome density, supports this proposal by revealing ET rates on par with a fully packed cytochrome network. extracellular electron transport | electron cryotomography | membrane cytochromes | bacterial nanowires | Shewanella
Bacterial nanowires have garnered recent interest as a proposed extracellular electron transfer (EET) pathway that links the bacterial electron transport chain to solid-phase electron acceptors away from the cell. Recent studies showed that Shewanella oneidensis MR-1 produces outer membrane (OM) and periplasmic extensions that contain EET components and hinted at their possible role as bacterial nanowires. However, their fine structure and distribution of cytochrome electron carriers under native conditions remained unclear, making it difficult to evaluate the potential electron transport (ET) mechanism along OM extensions. Here, we report highresolution images of S. oneidensis OM extensions, using electron cryotomography (ECT). We developed a robust method for fluorescence light microscopy imaging of OM extension growth on electron microscopy grids and used correlative light and electron microscopy to identify and image the same structures by ECT. Our results reveal that S. oneidensis OM extensions are dynamic chains of interconnected outer membrane vesicles (OMVs) with variable dimensions, curvature, and extent of tubulation. Junction densities that potentially stabilize OMV chains are seen between neighboring vesicles in cryotomograms. By comparing wild type and a cytochrome gene deletion mutant, our ECT results provide the likely positions and packing of periplasmic and outer membrane proteins consistent with cytochromes. Based on the observed cytochrome packing density, we propose a plausible ET path along the OM extensions involving a combination of direct hopping and cytochrome diffusion. A mean-field calculation, informed by the observed ECT cytochrome density, supports this proposal by revealing ET rates on par with a fully packed cytochrome network. extracellular electron transport | electron cryotomography | membrane cytochromes | bacterial nanowires | Shewanella R edox reactions are essential to all biological energy conversion strategies (1) . In respiratory organisms, free energy is harvested from the environment as electrons extracted from an electron donor are transferred through the cellular electron transport (ET) chain to a terminal electron acceptor (EA). While most eukaryotes, including humans, are dependent on molecular oxygen (O 2 ) as their terminal EA, anaerobic prokaryotes can acquire energy by employing a wide variety of alternative EAs. Like O 2 , many of these EAs can diffuse inside the cell, where they participate in redox reactions with intracellular ET chain components. However, dissimilatory metal-reducing bacteria (DMRB) can also utilize insoluble EAs such as metal oxide minerals that are inaccessible to the electron transport chain components at the inner membrane, by transporting electrons across the cell envelope (2) (3) (4) (5) (6) . This extracellular electron transport (EET) process has important implications in renewable energy technologies, wastewater treatment, bioremediation, and global biogeochemical cycles (3, (7) (8) (9) .
The gram-negative bacteria Geobacter and Shewanella are two of the best-studied DMRB model systems (2, 5, 6, 10, 11) and are known to produce extracellular appendages proposed to act as bacterial nanowires, transporting electrons over micrometer-long distances to terminal extracellular EAs. Geobacter nanowires are type IV pili (12) and their electron conductivity has been attributed to either an incoherent electron hopping mechanism along a path of aromatic residues (13) (14) (15) or a coherent "metalliclike" mechanism facilitated by proposed π stacking of aromatic residues (16) (17) (18) . These pili may also interact with separate extracellular redox proteins, possibly working in concert to allow EET, with the pili playing a larger role at cellular layers more distant from electrode surfaces (19) . Electrochemical gating signatures of transverse conduction through Geobacter biofilms that span interdigitated electrodes appear consistent with a network of redox cofactors such as the hemes of cytochromes abundant in DMRB (20) , but these measurements do not necessarily preclude a role for pili in vertical charge transport, especially at biofilm layers farther away from the underlying electrodes as described by Steidl et al. (19) . Transport through the extracellular appendages of Shewanella requires the presence of multiheme cytochromes as the electron carriers (21) , but a detailed analysis of the underlying mechanism and extent to which it may allow EET under physiological conditions requires a better understanding of the cytochrome distribution and structure of the appendages under native conditions. Previous electrochemical, biochemical, genetic, and structural studies of Shewanella have identified an intricate network of redox proteins that traffic electrons from the inner membrane quinone pool through the periplasm and across the outer membrane (OM) (6, 7, 11) . A critical electron transfer module is Significance Recent findings from in vivo fluorescence and immunolabeling measurements hinted at the possible role of outer membrane (OM) extensions as Shewanella oneidensis MR-1 nanowires. However, a detailed understanding of the architecture and electron transport mechanism along OM extensions was lacking. In this work, we report a unique setup for correlative light and electron microscopy of Shewanella OM extensions and demonstrate that they are chains of interconnected outer membrane vesicles with densities, consistent with periplasmic and OM cytochromes, distributed along their length. We propose, based on the packing density of cytochromes measured from electron cryotomograms, that the electron transport mechanism involves a combination of direct electron hopping and diffusion of electron carriers.
the Mtr pathway, in which electrons are transferred from the periplasmic decaheme cytochrome MtrA to the outer membrane decaheme cytochrome MtrC through the transmembrane porin MtrB (22, 23) . Under conditions of direct cell surface contact with minerals or electrodes, MtrC (and a partnering decaheme cytochrome OmcA) can transfer electrons directly to these solid EAs (24) . The EET rate from the surface-exposed cytochromes to such external surfaces can also be enhanced by interactions with secreted flavins that function either as cytochrome-bound cofactors (25) (26) (27) or soluble shuttles capable of interacting with even more distant EA surfaces (28, 29) .
Recent findings from live fluorescence light microscopy (fLM) have hinted at the possible role of Shewanella OM extensions as bacterial nanowires that transport respiratory electrons to EAs micrometers away from the cell (30) . First, the production of OM extensions has been shown to correlate with an increase in the cellular reductase activity (30) . Second, the thickness of dried OM extensions (two collapsed, 5-nm-thick lipid bilayers) matches the thickness of dried and fixed conductive appendages from Shewanella oneidensis (∼10 nm) (21) . Third, immunofluorescence measurements have shown that the S. oneidensis multiheme cytochromes MtrC and OmcA localize along these OM extensions (30) . Importantly, the same multiheme cytochromes have been shown to be essential for the solid-state conductance of dried and fixed S. oneidensis appendages (21) . Although these multiple lines of evidence point to the ability of S. oneidensis OM extensions to play a role in ET, direct conductance measurements were demonstrated only on dry samples where the distribution and conformation of the ET components may not be the same as in vivo (21) . Additionally, outer membrane vesicles (OMVs), structures similar to OM extensions, have been found to be involved in various other functions including pathogenesis, microbial interactions, and survival during stress conditions (31) . Therefore, to understand the extent to which S. oneidensis OM extensions can carry electrons will require direct in vivo ET measurements, challenging experiments due to the difficulty in controlling growth and positioning of OM extensions to interface electrodes. However, ultrastructural studies of the native configuration of ET components, such as presented in this paper, can provide useful information on the potential ET properties of OM extensions.
So far, the diffraction-limited resolution of fLM has precluded visualization of the macromolecular details of the OM extension and its cytochrome distribution (30) . Many other details remain unclear, including formation and stabilization mechanisms, as well as the processes underlying the large morphological variation and dynamic nature of these filaments. Furthermore, it has been challenging to distinguish OM extensions from other filaments (flagella, pili, and dehydrated extracellular polymeric substances) (32, 33) . Here, we use electron cryotomography (ECT) to capture near-native images of OM extensions from S. oneidensis MR-1. ECT can deliver high-resolution 3D structural details of cellular structures. By capturing the specimen in a thin layer of vitreous ice, structures of interest are preserved in a fully hydrated and essentially native state (34) .
We have developed a unique experimental setup allowing bacteria to form OM extensions on an electron microscopy (EM) grid inside a perfusion flow imaging platform. Using fluorescent membrane staining, we monitored OM extension growth in real time by fLM and subsequently located and imaged the same structures by ECT. We discuss the challenges involved in retaining the fragile OM extensions for EM imaging and the methodology we developed to address these sample preparation issues. Our fLM and ECT results reveal the vesicular nature of S. oneidensis OM extensions and shed light on a potential mechanism for their stabilization as OMV chains. The high resolution of ECT reveals the positions of periplasmic and OM multiheme cytochromes under near-native conditions. We discuss how these structural measurements inform and help refine proposed models (30, 35, 36) for long-distance ET.
Results
Conditions for Reliable OM Extension Production for ECT. While OMVs and OM extensions have previously been described in both planktonic and surface-attached Shewanella cultures using various methods such as EM, atomic force microscopy (AFM), and fLM (21, 30, 37, 38) , there has not been an extensive exploration of the optimal culturing and sample preparation workflows most suitable for detection of these structures. Here we utilized negative stain transmission electron microscopy (TEM) and ECT to assess both culturing and sample preparation steps that lead to robust formation, preservation, and detection of OM extensions. These steps are summarized in Fig. S1 .
We first tested liquid cultures of S. oneidensis MR-1, either from continuous-flow bioreactors (chemostats) operated under O 2 -limited conditions (21, 30, 37) or from batch cultures (SI Materials and Methods) by visually assaying for OM extension formation by EM. Despite the presence of membrane blebs and OMVs, longer OM extensions were rarely detected by either negative stain TEM or ECT under our cultivation conditions, even when fixed with glutaraldehyde to potentially stabilize the structures (Figs. S2 and S3 ). Separate imaging with scanning electron microscopy (SEM) revealed an abundance of filaments, but SEM's lower level of structural detail makes it difficult to distinguish the target OM extensions from other filaments such as pili, flagella, and filamentous polymeric substances.
Because OM extensions in liquid cultures were only rarely observed by both ECT and negative stain TEM, we next tested surface-attached cultures. Building on our previous work utilizing coverslip-attached cultures to reveal the composition of S. oneidensis OM extensions (30), we developed a method for monitoring their growth directly on EM grids inside a perfusion flow imaging platform by fLM (Fig. 1) . While extensions were seen abundantly by fLM, very few structures remained intact until the final step of either negative stain TEM or ECT workflow, whether unfixed or fixed with formaldehyde ( Figs. S4 and S5 ). This suggests that OM extensions are fragile structures that need to be stabilized for TEM imaging. Fortunately, we found that fixation with glutaraldehyde stabilized the extensions, enabling us to reliably visualize the structures by correlative light and electron microscopy (CLEM) ( Fig. S6 and Movies S1 and S2). We conclude that (i) OM extensions are more frequent and consistently present in surface-attached cultures compared with liquid cultures under our experimental conditions, and (ii), although abundantly produced in surface-attached samples, OM extensions are fragile structures that are easily disrupted unless preserved by glutaraldehyde fixation for TEM imaging.
Live Fluorescence Microscopy of OM Extension Growth on EM Grids.
Building on our previous work, we developed an optimized perfusion flow imaging platform setup consisting of a microlitervolume laminar perfusion flow chamber placed on an inverted fluorescence microscope, with an EM grid-attached glass coverslip sealing the chamber (Fig. 1 ). S. oneidensis cells are then introduced into the chamber, where they attach to the surface of the EM grid, and sterile media are flowed into the chamber throughout the experiment. Using this setup, we observed the formation of OM extensions live on the EM grid surface with the fluorescent membrane dye FM 4-64FX. Cells were located relative to grid holes by fLM ( Fig. 2 and Movie S3) to allow registration with subsequent EM imaging and thus enabling CLEM.
ECT Reveals OM Extensions Are Dynamic Chains of Interconnected
OMVs. For ECT, grids from the perfusion flow imaging platform were removed, plunge frozen, and transferred to the electron microscope, where the fLM-identified OM extensions were located and imaged (Fig. 3 ). ECT images confirmed that appendages observed in fLM are in fact OM extensions, with the two leaflets of the lipid bilayer clearly resolved along their length ( Fig. 4 A and B). Cryotomograms revealed OM extensions to be chains of interconnected OMVs in both unfixed ( Fig. 4C ) and fixed samples (Fig. 4 D-G). Previous fLM and AFM work showed that OM extensions cover a range of morphologies from apparently smooth tubes to clearly distinguishable OMV chains (30) . Here, with the higher resolution of ECT, we observed that, with the exception of one smooth structure (Fig. S7 ), all OM extensions including those that appeared smooth in fLM were distinguishable as OMV chains (Figs. 3 and 4) . The images also captured vesicle budding (Fig. 4B) , a process that underlies the initial stage of OMV production (39) . Importantly, ECT allowed us to clearly distinguish between pili, flagella, and OM extensionsthe three known extracellular appendages in S. oneidensis (Fig. 4 D-G and Movies S4 and S5). Electron-dense regions were observed at the junctions connecting neighboring vesicles throughout the length of the OM extensions in both fixed and unfixed samples (Fig. 5A, Fig. S8 , and Movie S6). This finding points to yet unknown molecules that potentially facilitate the constriction of the membrane to allow OMV connections and is consistent with the fLM observations of OM extensions as dynamic structures capable of growth, shrinking, and reversible transition between OMV chain and individual vesicle morphologies ( Fig. 5 B and C and Movies S7-S10). Fig. 5D provides a model to visualize how the junction densities seen in ECT, when added or removed, may account for the dynamic transitions in vesicle chains observed in fLM.
Distribution of Multiheme Cytochromes Along OM Extensions. In S. oneidensis, previous immunofluorescence measurements have shown that the OM cytochromes MtrC and OmcA localize along the length of OM extensions (30) . Additionally, the same cytochromes were shown to be essential for solid-state conductance of fixed and dried appendages consistent with OM extensions (21, 30) . The packing density of these cytochromes is crucial in determining the potential mechanism of ET along OM extensions, but has remained unknown. Here, using ECT, we observed electron-dense particles on the interior and exterior of the OM extensions. We confirmed that the observed particles correspond to periplasmic and OM cytochromes by imaging OM extensions from a mutant, ΔMtr/ΔmtrB/ΔmtrE (40), lacking genes encoding eight identified functional S. oneidensis periplasmic and OM cytochromes. Our results showed a significantly higher interior and exterior particle density in the wild type compared with the mutant (Fig. 6 and Movie S11), confirming that a majority of the densities in wild-type OM extensions are indeed cytochromes. In addition, utilizing the OM extension with the highest number of densities (Fig. 7A) , we overlaid available structures of the decaheme cytochromes MtrA (41) and MtrC (26) on representative interior and exterior densities, respectively, and found a similarity in overall shape and size of these structures to the observed EM densities (Fig. 7B) . We marked all of the observed interior and exterior densities along the OM extension as model points and reconstructed 3D models of both the OM extension and the cytochromes (Fig. 7C and Movie S12). The model allowed us to calculate the distance of each cytochrome from its nearest neighbor and thus investigate the possible ET mechanism along OM extensions. The observed density distribution fell in one of three categories: patches where the densities were almost continuous and indistinguishable from one another (Fig. 7 D and E) , sections where the exterior and interior densities clustered closely but were distinguishable from one another (Fig. 7 F and G) , and regions where the densities were farther apart (Fig. 7H) . In summary, we did not observe a continuous crystalline-like packing of densities along the entire OM extension length. Instead, the OM and periplasmic densities were distributed over a range of center-to-center spacings, from 4.9 nm to 32.5 nm and from 5.0 nm to 29.0 nm, respectively (Fig. 7I ). This distribution of densities suggested an ET model that supplements direct electron hopping between close cytochromes in tightly packed sections with physical diffusion of cytochromes to bridge larger gaps.
Calculations Suggest Maximum Overall ET Rate Is Achieved with a Combination of Cytochrome Physical Diffusion and Direct Electron Hopping. To investigate the impact of cytochrome density on ET along OM extensions, we used the Blauch-Saveant model (42) that accounts for mobility of redox carriers in addition to direct electron hopping between redox carriers in the membrane. The relative contribution from redox carrier physical diffusion and direct hopping to the overall ET rate is determined by the ratio t e /t p (42), where t e and t p are the time constants for electron hopping and physical motion of redox carriers, respectively. With decaheme OM cytochromes as the redox carriers in OM extensions, and using 3 μm 2 /s as a representative value for the physical diffusion coefficient of integral membrane proteins of similar size (D phys ) (43), t p is estimated to be ∼3 × 10 ) (44, 45) and MtrCAB (24) , t e can be estimated to be ∼10 −4 s and hence t e /t p to be ∼30. This relatively high value of t e /t p (i.e., t e /t p >> 1) justifies a mean-field approach developed by Blauch and Saveant (42), leading to a simple expression for the apparent diffusion coefficient (D ap ) (42),
where D phys is the redox carrier physical diffusion coefficient, D e is the electron hopping diffusion coefficient which can be calculated using t e (SI Materials and Methods), f c is the correlation factor, and X is the fractional loading of redox carriers in the membrane which can be calculated using particle densities extracted from the cryotomograms (SI Materials and Methods). Therefore, for OM extensions, D ap is estimated to be ∼3 × 10 −8 cm 2 /s. In addition, the electron flux through an OM extension (J) can be calculated by (42)
where C is the concentration of the reduced redox carriers and x is the position along the length of the OM extension. The resulting overall ET rate for an idealized 1-μm-long, 100-nm-diameter OM extension is shown in Fig. 8 , where MtrC molecules are assumed to be the electron carriers (SI Materials and Methods).
Discussion
Here we show high-resolution images of OM extensions in S. oneidensis, using ECT. We found the OM extensions to be OMV chains possibly stabilized by constriction densities at the junctions. Bacterial membrane extensions have been reported in multiple organisms: "nanopods" in Comamonadaceae including Delftia "membrane tubules" in Salmonella typhimurium (49), "nanotubes" in Bacillus subtilis (50) and connecting Escherichia coli cells to each other and to Acinetobacter baylyi cells (51), and "connecting structures" that allow exchange of material between Clostridium acetobutylicum and Desulfovibrio vulgaris cells (52) . However, membrane extensions in the form of OMV chains, similar to those reported here, have only recently been discovered and much remains unknown about their formation mechanism and specific function (53) . In the gram-negative Shewanella vesiculosa (54) and Myxococcus xanthus (55, 56) and the gram-positive B. subtilis (57), membrane extensions in the form of OMV chains have been observed using cryo-EM with implications for cell-cell connections in the latter two examples. While the S. oneidensis OM extensions are proposed to function as electron conduits (30) , their structural similarity to these previous reports highlights the significance of imaging these structures as a model system to study the formation of OMV chains. To find a condition that consistently and frequently produced intact OM extensions for ECT imaging, we systematically tested different methods of growth and sample preparation conditions, as summarized in Fig. S1 . We found that our optimized perfusion setup (Fig. 1) was best suited for the formation (Fig. 2) , subsequent CLEM (Fig. 3) , and high-resolution cryotomography of OM extensions (Fig. 4) . The OMV chain morphology exhibited by these OM extensions is unlikely to be an artifact of fixation since we also observed a similar OMV chain architecture in OM extensions from unfixed samples (Fig. 7A and Fig. S5 ). While flagella and pili were identified as smooth filaments measuring ∼10 nm and ∼3 nm in thickness, respectively, OM extensions varied in thickness typically from ∼20 nm to 200 nm (Fig. 4 D-G) , depending on the size and extent of tubulation of the constituent OMVs. Typically, there was an inverse relationship between OM extension length and its constituent OMV size. The measured thickness of hydrated OM extensions in ECT is different from the previously reported AFM measurements of ∼10 nm for air-dried conductive appendages (21, 58, 59) . This is consistent with the finding that the appendages are OM extensions (30) because, in AFM, dehydration causes OM extensions to collapse to an ∼10-nm thickness, roughly corresponding to two lipid bilayers, while ECT preserves samples in a frozenhydrated state, leading to more accurate estimates of native thickness. In addition to changing the OM extension thickness, dehydration will alter the cytochrome conformation and packing along OM extensions, which could significantly impact their electron-carrying capabilities. An interesting feature we observed is the ability of the vesicle chains to branch (Fig. 7A, Fig. S9 , and Movie S13), which may offer the advantage of increasing the likelihood of contacting terminal solid-phase EAs in the environment. To our knowledge this is a unique report of branching reported in bacterial membrane extensions. OM extensions were also found to be flexible (Fig. S10) , potentially improving their ability to contact solid-phase EAs.
Our ECT images of S. oneidensis OM extensions reveal that individual vesicles open into each other, share a continuous lumen, and thus form a chain of vesicles that are internally connected. This OMV architecture is reminiscent of the "pearls on a string" morphology caused by the pearling instability that transforms membrane tubes into a string of interconnected vesicles (60, 61) . It has been shown that this transformation may be caused by an increase in membrane tension that can be stimulated in multiple ways, including osmotic gradient (62), mechanical perturbation (60, 61) , elongational flow (63), electric field (64), bilayer asymmetry (65), nanoparticle adsorption onto the inner leaflet (66), or polymer anchorage onto a membrane (67, 68) . Our observation of densities in ECT, at the junctions of neighboring vesicles in both fixed (Fig. 5A and Movie S6) and unfixed (Fig. S8) OM extensions, is consistent with the latter mechanism of polymer anchorage onto a membrane in which "constriction densities" or "junction densities" interact with the OM extension membrane, resulting in the formation of the OMV morphology (Fig. 5A, boxed regions) . As schematized in Fig. 5D , addition and removal of such constriction densities may also explain the dynamic behavior observed in fLM, where OM extensions transition to and from individual vesicles (Fig. 5 B and C and Movies S7-S10). Although the identity of these junction densities is yet to be established, we hypothesize their potential role in the formation and stabilization of OMV chains based on our ECT and fLM observations. The OM decaheme cytochrome MtrC, the periplasmic decaheme cytochrome MtrA, and the porin MtrB form the MtrCAB complex (23, 69) that is proposed to form a contiguous EET conduit from the periplasm to the cellular exterior (23) . The presence of MtrC and its homolog OmcA has been linked to the solid-state conductance of S. oneidensis appendages consistent with OM extensions (21) . These cytochromes are localized along the length of S. oneidensis OM extensions and are thought to mediate ET by a multistep redox hopping mechanism (30, 35) . While the intraprotein hemes' arrangement within MtrC and OmcA allows sequential tunneling (multistep hopping) through the heme chain (44, 45) , the packing density and orientation of these cytochromes are critical parameters that determine the mechanism of putative interprotein electron transfer along the entire OM extension. However, before this work, little was known about the packing density of MtrC and OmcA molecules along OM extensions.
The OM extensions in ECT showed densities on both the inside and the outside of the membrane (Figs. 6A and 7A ), features consistent with periplasmic and OM proteins, respectively. To examine whether these densities correspond to cytochromes, we (41), and the MtrB homolog LptD (72, 73) (only the LptD structure was used for this model from the LptD-LptE two-protein crystal structure), highlighting the similarity in overall shape and size of these structures to the observed EM densities. Red, MtrC crystal structure; green, surface view of MtrA SAXS model; blue, LptD crystal structure; dotted green, outline of putative MtrA densities on the EM map. imaged OM extensions from a S. oneidensis cytochrome mutant lacking eight known functional periplasmic and OM cytochromes (40) . The mutant showed a significantly lower number of densities compared with the wild type. While the remaining densities seen in the ECT map must correspond to other OM and periplasmic proteins, our mutant studies confirm that the majority of the observed densities are cytochromes. It is worth noting that the exterior particle surface density on OM extensions (∼500 proteins/μm 2 , Fig. 6H ) is roughly equal to or less than the expected surface density of MtrC and OmcA on the S. oneidensis cell surface based on previous estimates of these proteins per cell (1,000-30,000 proteins/μm 2 ) (70, 71). Next, to determine whether the outside densities match the size of MtrC, we overlaid the crystal structure of MtrC (26) onto three of these densities, illustrated in Fig. 7B . Since these densities did not appear symmetric on the EM map, and since the orientation of MtrC at the cellular OM is unknown, for each EM density, we overlaid the MtrC crystal structure in the orientation that best matched that specific density. Using this approach, the size of the OM features was found to be consistent with MtrC [noting, however, that this approach cannot distinguish between MtrC and other Shewanella OM proteins of similar size, including the structurally homologous decaheme cytochromes MtrF and OmcA (26) ]. We applied a similar approach to compare the OM extension interior densities with the periplasmic decaheme cytochrome MtrA. The interior densities were more oblong than their outside counterparts, an observation consistent with the rod-like shape of MtrA previously revealed by smallangle X-ray scattering (SAXS) (41) . By overlaying this lowresolution SAXS model on the EM map, the internal densities were found to be consistent in size and shape with MtrA (Fig.  7B) . While the structure of MtrB is not yet known, we overlaid the crystal structure of a similarly sized protein [LptD from Salmonella enterica (72, 73) ] in Fig. 7B and found that the size of the porin matches the width of the bilayer as expected. Taken collectively, our analyses highlight the similarity in overall shape and size between multiheme cytochromes and the observed EM densities.
The isosurface representation of the OM extensions, including the placement of the detected periplasmic and OM proteins ( Fig.  7C and Movie S12), allows a holistic evaluation of different interprotein electron transfer mechanisms. Remarkably, we observed OM (Fig. 7F) and periplasmic (Fig. 7G) proteins clustering closely only over segments of the OM extension and not along its entire length. These observed tightly packed sections of up to ∼70 nm and ∼75 nm had center-to-center distances of 7.3 nm (SD = 2.1 nm) and 8.9 nm (SD = 2.0 nm) between neighboring proteins for the OM and periplasmic proteins, respectively. Taking the overall dimensions of MtrC (26) (∼9 × 6 × 4 nm) and the locations of the hemes (including terminal hemes at the protein edges) into account (26) , the center-to-center distances point to the possibility of direct electron tunneling [requiring <2 nm separation (1)] between terminal hemes of neighboring OM cytochromes within these segments. However, such a crystalline-like packing of cytochromes was not observed over the micrometer lengths of whole OM extensions (Fig. 7) . Instead, we observed a wide distribution of center-to-center spacings, presented for both the OM and the periplasmic densities as shown in Fig. 7I . Since center-to-center spacings beyond 11 nm and 7 nm for MtrC and MtrA, respectively, do not allow direct electron transfer between neighboring cytochromes (SI Materials and Methods), intermediate diffusive events are required to link the hemes of neighboring proteins beyond such distances. This may be accomplished by lateral physical diffusion of the multiheme cytochromes, resulting in collisions and electron exchange between neighboring cytochromes. Thus, the cytochrome distribution in ECT suggests a model of ET that involves both electron hopping and physical diffusion. Even though physical diffusion is known to enhance ET rates in assemblies of redox carriers (42) , it has been typically ignored in studying EET, with the exception of a few recent studies. Paquete et al. (74) suggested that OmcA, which interacts with MtrC and is attached only by a lipidated cysteine at the N terminus, is mobile on the surface of Shewanella. Similarly, Zhang et al. (75) recently noted the need to consider the molecular motion of ET components in live biofilms, rather than a hypothetical static model of immobilized redox cofactors.
We therefore performed calculations to investigate the role of cytochrome physical diffusion in ET properties of OM extensions. Using surface densities of OM and periplasmic cytochromes found from the cryotomograms, and following the Blauch-Saveant (42) approach for calculating ET rates in assemblies of mobile redox carriers (Eq. 1), we built a model for OM extension ET that accounts for both electron hopping and cytochrome physical diffusion. We calculated an apparent diffusion coefficient (D ap ) of up to ∼3 × 10 −8 cm 2 /s, which is on par with the lower range of D ap measured in electroactive biofilms (75, 76) and even higher than some redox polymers (75) . We also calculated the overall ET rate along an average-sized OM extension as a function of cytochrome fractional loading (Fig. 8 ). An interesting feature of the BlauchSaveant model is that the physical diffusion of cytochromes in the membrane could significantly enhance the ET rate along OM extensions and that, counterintuitively, a less-than-full packing density of cytochromes will lead to the maximum overall ET rate ( Fig.  8 and SI Materials and Methods) (42) . As shown in Fig. 8 , cytochrome densities extracted from cryotomograms predict a comparable ET rate to that of a fully packed array of cytochromes and that an increase in cytochrome density from the observed values could even enhance the ET rate above that of a fully packed configuration. It is important to note that our calculation leading to Fig. 8 takes only the physical diffusion of OM cytochromes into account and that the electron transfer rate may be further enhanced by diffusion of small redox-active molecules between cytochromes. In this context, it is important to note that the (42) . With MtrC as the main electron carrier, and accounting for both electron hopping and cytochrome physical mobility, ET rates are plotted (blue curve) as a function of cytochrome fractional loading (ratio of measured to the maximum possible cytochrome density). The grayshaded area shows the range of calculated ET rates for OM extensions using cytochrome densities found in ECTs (one vesicle per tomogram from nine tomograms analyzed). The model predicts transport rates at full packing cytochrome density (fractional loading = 1) comparable with rates calculated from ECT data.
Shewanella decaheme cytochromes have flavin-binding sites (26) , and flavins are known to enhance EET (27) . Overall, our calculations show that a combination of physical diffusion and direct hopping may enhance ET beyond direct hopping alone. The extent of this enhancement, however, will depend on whether diffusion of additional molecules beyond MtrC/OmcA can contribute to ET (e.g., periplasmic cytochromes or small molecules such as flavins) and the precise values of the physical diffusion coefficients (e.g., for MtrC/OmcA proteins in the membrane or the likely faster MtrA diffusion within the periplasm). The preceding analysis is therefore intended for heuristic reasons and to motivate future studies targeting the diffusive dynamics of electron carriers in redox-active OM extensions. It is important to note that the calculations here may not be relevant to the results of previous high-conductivity measurements on dried and fixed appendages (21), because dehydration and fixation will alter the conformation, packing, and order of cytochromes along OM extensions. A recent study reported measurements of S. oneidensis nanofilaments under various relative humidity conditions and concluded that these filaments are capable of a hybrid electron and ion conductivity (77) . While it is unclear if the latter nanofilaments are the same as the cytochrome-containing membrane extensions described here, we note that EET must be generally accompanied by cation transport to maintain charge neutrality. It is important to note that the model proposed here does not preclude counter-ion flow. Indeed, Okamoto et al. (78) recently reported evidence for proton transport associated with EET in the S. oneidensis MtrC and OmcA multiheme cytochromes.
In summary, our ECT imaging revealed particles consistent in size and morphology with decaheme cytochromes and their distribution along OM extensions. We do not expect all of the densities observed on the inside and the outside of the membrane to correspond to MtrA and MtrC, respectively, since, for example, we cannot distinguish between MtrC and other structural homologs, and there are other membrane proteins as well. However, it is already clear that cytochromes are not tightly packed along the entire length of OM extensions, even when all of the densities are treated as cytochromes. This irregular packing of cytochromes means that EET along whole OM extensions likely requires a combination of direct electron hopping and physical molecular diffusion by EET proteins or shuttles. Our calculations, based on the ECT data, show that such a model involving cytochrome diffusion can enhance ET rates to values comparable to a fully packed cytochrome configuration.
Materials and Methods
Perfusion Flow Imaging Platform. The perfusion flow imaging platform was used as described previously (30) , with some modifications. S. oneidensis MR-1, Δflg (79), or Δcrp (80) cells (Table S1 ) were grown overnight in LuriaBertani (LB) broth at 30°C up to an OD 600 of 2.4-2.8, washed twice in a defined medium (30) , and used in the perfusion flow imaging experiments. For experiments where ECT densities along OM extensions in wild-type and cytochrome mutant [ΔMtr/ΔmtrB/ΔmtrE (40), Table S1 ] strains were quantified, after the initial LB growth, 5 mL of the washed culture was transferred to an anaerobic sealed serum bottle with 100 mL of a defined medium (30) supplemented with 30 mM sodium fumarate. This anaerobic culture was placed in an incubator at 30°C, shaking at 150 rpm, and was grown to an OD 600 of 0.25 (∼24 h). The culture was then washed in a defined medium (30) and used for the perfusion flow imaging experiments. A glow-discharged, X-thick carbon-coated, R2/2, Au NH2 London finder Quantifoil EM grid (Quantifoil Micro Tools) was glued to a 43 mm × 50 mm no. 1 glass coverslip using waterproof silicone glue (General Electric Company); applied to two opposite edges of the grid; and let dry for ∼30 min. Using a vacuum line, the perfusion chamber (model VC-LFR-25; C&L Instruments) was sealed against the grid-attached glass coverslip and placed on an inverted microscope (Nikon Eclipse Ti-E) that continually imaged the grid surface. A total of ∼10 mL of the washed culture was injected into the chamber slowly to allow cells to settle on the grid surface, followed by a flow of sterile defined medium from an inverted serum bottle through a bubble trap (model 006BT-HF; Omnifit) into the perfusion chamber inlet. The serum bottle was pressurized by N 2 in the headspace to sustain a flow rate of 5 ± 1 μL/s. After ∼2 h of perfusion flow, cells on the grid surface began to produce OM extensions. Cells and OM extensions were visualized by the fluorescent membrane stain FM 4-64FX that was present in the flow medium throughout the experiment (25 μg in 100 mL of medium). Subsequently, the flow of medium was stopped and the perfusion chamber was opened under sterile medium. When fixing, the sample (cells on EM grid-attached coverslip) was treated with either 2.5% glutaraldehyde for 15 min or 4% formaldehyde for 60 min. The grid was then detached from the coverslip by scraping off the silicone glue at the grid edges using a 22-gauge needle and rinsed by transferring three times in deionized water, before using for TEM imaging.
ECT. ECT samples were prepared as described previously (81) with minor modifications. Cells from batch cultures and chemostats were mixed with BSAtreated 10-nm colloidal gold solution and 4 μL of this mixture was applied to a glow-discharged, X-thick carbon-coated, R2/2, 200 mesh copper Quantifoil grid (Quantifoil Micro Tools) in a Vitrobot chamber (FEI). Excess liquid was blotted off with a blot force of 6, blot time of 3 s, and drain time of 1 s and the grid was plunge frozen for ECT imaging. All perfusion samples were on glowdischarged, X-thick carbon-coated, R2/2, Au NH2 London finder Quantifoil EM grids (Quantifoil Micro Tools) and were blotted either manually or automatically using the Vitrobot after addition of 1.5 μL of 10-nm gold fiducial markers. Imaging of all ECT samples was performed on an FEI Polara 300-keV field emission gun electron microscope equipped with a Gatan image filter and K2 Summit counting electron-detector camera (Gatan). Data were collected using the UCSFtomo software (82) , with each tilt series ranging from −60°to 60°in 1°increments, an underfocus of ∼5-10 μm, and a cumulative electron dose of ∼130-160 e/A 2 for each individual tilt series. The IMOD software package was used to calculate 3D reconstructions (83) .
